The acyl-[acyl carrier protein]:sn-1-glycerol-3-phosphate acyltransferase (GPAT; E.C. 2.3. 1.15) catalyzes the first step of glycerolipid assembly within the stroma of the chloroplast. In the present study, the sunflower (Helianthus annuus, L.) stromal GPAT was cloned, sequenced and characterized. We identified a single ORF of 1344 base pairs that encoded a GPAT sharing strong sequence homology with the plastidial GPAT from Arabidopsis thaliana (ATS1, At1g32200). Gene expression studies showed that the highest transcript levels occurred in green tissues in which chloroplasts are abundant. The corresponding mature protein was heterologously overexpressed in Escherichia coli for purification and biochemical characterization. In vitro assays using radiolabelled acyl-ACPs and glycerol-3-phosphate as substrates revealed a strong preference for oleic versus palmitic acid, and weak activity towards stearic acid. The positional fatty acid composition of relevant chloroplast phospholipids from sunflower leaves did not reflect the in vitro GPAT specificity, suggesting a more complex scenario with mixed substrates at different concentrations, competition with other acyl-ACP consuming enzymatic reactions, etc. In summary, this study has confirmed the affinity of this enzyme affinity which would partly explain the resistance to cold temperatures observed in sunflower plants.
belong to the H(X 4 )D motif (found in most G3P acyltransferases and that is important for catalytic activity), are located near a predicted hydrophobic patch (highlighted in yellow in Figure 3B ) and the positive cluster that bind the acyl chain and G3P molecule, respectively.
Considering that a L261P mutation in squash (Slabas et al., 2002; homolog L339 in sunflower shown in brown) in this hydrophobic patch changed enzyme selectivity, specificity may be related to flexibility of the acyl chain when binding to the enzyme surface. Docking experiments using G3P and oleyl-CoA (18:1-CoA) as acyl donor (Figure 3C and D) corroborates the positioning of the G3P molecule as described, while the acyl group fits in a long tunnel interacting with residues A221, P223, Y243, V244, V249, C255, P258, S259, L264, W306 and M360. Docking experiments of palmitoyl-CoA (16:0-CoA) and stearoyl-CoA (18:0-CoA) gave similar results to oleyl-CoA (data not shown), concordant to the suggestion that selectivity may occur prior to entering the tunnel.
HaPLSB expression
Quantitative RT-PCR was used to study the expression of HaPLSB, normalizing the data to that of actin as a housekeeping gene. In accordance with the role of its protein product in chloroplast lipid synthesis, the HaPLSB gene was predominantly expressed in green tissues with little expression in sink tissues ( Figure 4A ). Its expression was enhanced during cotyledon development, consistent with the elevated rate of de novo membrane lipid biosynthesis in the chloroplast during the early stages of plant growth, and was maintained at high levels in mature leaves. The expression profile obtained was similar to that of the corresponding plastidial GPAT from Arabidopsis (ATS1; Nishida et al., 1993) , with the highest levels of expression found in cotyledons and early leaves ( Figure 4B ; data from Schmid et al., 2005) . One significant difference in the expression of this gene was observed during the development of Arabidopsis and sunflower seeds, reflecting the maintenance of active chloroplasts during seed development in Arabidopsis and their continuous decay in sunflower in favor of oil biosynthesis and accumulation. This difference was expectable due to Arabidopsis producing green seeds that are able to do photosynthesis during most of their developmental period, whereas sunflower yield white seeds that are sink organs and lack any photosynthetic machinery.
Heterologous expression in E. coli
A heterologous expression system was prepared by cloning the predicted HaPLSB mature protein coding region of 1140 nucleotides into a pQE-80L inducible expression vector (primers shown in Table 1 ). This recombinant pQE80::HaPLSB expression vector was used to transform the competent E. coli XL1-Blue strain. Cultures of transformed E. coli cells were grown with IPTG induction for the over-expression of the recombinant HaPLSB gene and without induction as control. The fatty acid composition of the host in both uninduced and induced cultures was analyzed ( Table 2 ).
The differences encountered in the fatty acid composition of both cultures were an indicative of the successful production of an active recombinant enzyme that was altering the fatty acid profile in the host bacteria. Induced bacteria showed increased unsaturated fatty acid proportion (54% compared to 50% in control) concomitant with a decrease of cyclopropane fatty acids (11% compared to 14% in control), which reflects the higher membrane production due to a more rapid growth rate. In this case, the fatty acid species with 16 carbon atoms experienced more relevant changes, varying their proportion of saturated and unsaturated, by diminishing and increasing 9% and 10% respectively, taking into account that the 17:0Δ derives from 16:1.
The flux of intermediates into each branch of saturated and unsaturated fatty acids biosynthesis in bacteria is regulated by their long-chain products, and then the increase of unsaturated fatty acids in induced cultures may respond to their consumption by HaPLSB (Rock and Jackowski, 2002) . The lipid content of induced cultures was also slightly lower than that of uninduced cultures, due to the elongation of the exponential phase in GPAT overproducing cultures instead of the decrease in GPAT activity and accumulation of intracellular acyl-ACP when reaching the stationary phase (Heath et al., 1994) . Thus, the over-production of the exogenous HaPLSB in E. coli cells alters the composition and levels of the pool of acyl-ACP, leading to a variation in cell fatty acid profile.
In vitro substrate specificity of recombinant GPAT
Specificity assays were performed in vitro with the recombinant HaPLSB enzyme purified from E. coli ( Figure 5 ) to identify the form (selective or nonselective) of the enzyme expressed by this sunflower line. Radioactive 16:0, 18:0 and 18:1 acyl-ACPs were used as separate substrates, and activity was measured in function of the production of radiolabelled lysophosphatidic acid (LPA) from unlabelled G3P. The reaction mixture contained varying concentrations of acyl-ACP and G3P (with 5 mg/mL BSA), at a pH of 7.4, that of the plastid stroma (Shen et al., 2013) . According to previous calculations in spinach chloroplasts, the physiological concentration of acyl-ACP is around 1-2 µM (Soll and Roughan, 1982) while the stromal G3P concentration in Amaranthus is estimated at 450-620 µM (Cronan and Roughan, 1987) .
At identical acyl-ACP concentrations, oleoyl-ACP was the most active acyl donor to sunflower GPAT ( Figure 6A ), and at the predicted physiological acyl-ACP concentrations, the rates of 18:1-LPA, 16:0-LPA and 18:0-LPA synthesis were 0.2, 0.1 and 0.01 nkat per mg protein, respectively. In these conditions, the rate of 18:1-ACP incorporation was twice that of 16:0-ACP, suggesting that the products contained mainly 18:1, some 16:0 and traces of 18:0 in position sn-1.
GPAT displayed a lower K M value for 16:0-ACP than for 18:1-ACP at the predicted physiological concentration, and a 9-fold lower V max (Table 3) . By contrast, the K M for 18:1-ACP was 4-fold higher than the predicted stromal 18:1-ACP concentration. The k cat /K M ratio was used to compare the catalytic efficiencies of HaPLSB towards its different substrates, revealing greater specificity and catalytic efficiency of HaPLSB towards 18:1 than 16:0, as expected for a chilling-resistant plant (Zhu et al., 2009) . Moreover, the low activity levels towards 18:0-ACP suggest limited incorporation of this fatty acid into LPA via the intraplastidial GPAT enzyme.
Due to the better availability and stability, as well as not leading to saturating levels during the assays, palmitoyl-ACP was used as an acyl donor to study the kinetic parameters of G3P ( Figure 6B ). The K M value for this substrate was 659 µM, which was in the same order of magnitude reported for Amaranthus (Cronan and Roughan, 1987) , suggesting similar conditions in sunflower chloroplasts. As expected, the turnover under saturating conditions of G3P was similar to that obtained under saturating conditions of 16:0-ACP.
Effect of pH on HaPLSB activity
The pH inside the chloroplast ranges from 7.4 at night to 8.0 during the day and it regulates the activity of many enzymes. We studied the response of the HaPLSB enzyme to pH using palmitoyl-ACP as an acyl donor, observing maximum HaPLSB activity at pH 6.9 that decreased significantly up to pH 8.0. This pH curve ( Figure 6C ) is similar to that reported for the pea chloroplast GPAT (Bertrams and Heinz, 1981) , for which the optimal pH value is 7.4. A recent study reported that the activity of the plastidial GPAT from eight different plant species at pH 7.4 is lower than at pH 8.0 (Zhu et al., 2009) , showing that plastidial GPAT activity responds to pH changes.
Lipid analysis of sunflower leaves
After characterizing sunflower GPAT, we analyzed the species and fatty acid composition from sunflower leaf chloroplast lipids, paying special attention to MGDG, DGDG and PG. Unlike other organelles, chloroplast membranes are rich in galactolipids and contain low levels of phospholipids (Moreau et al., 1998) . Thus, some phospholipid species like phosphatidyl ethanolamine (PE) , which accounts for 20 to 40% of the total species present in extraplastidial membranes, are absent in chloroplast ones. The polar lipid extract prepared from sunflower leaves contained 4% of PE (Table 4A ) and 7% of phosphatidic acid (PA), which are probably derived from the ER and the plasma membranes (with an estimated PA level of 5-20%). As expected, almost half of the lipids analyzed corresponded to MGDG, being the levels of sulfolipids below the 6% estimated for chloroplast membranes.
The sunflower belongs to a plant group known as 18:3 plants proportions do not appear to tally with the specificity of the HaPLSB enzyme. Previous reports usually measured very low levels of stearic acid at sn-1 position in leaf lipids with the exception of Cucumis sativus with 12% 18:0 (Murata et al., 1982; Whitaker, 1986) . Regarding these data, the proportion of stearic acid in sunflower is relatively high, but the final PG composition must be influenced by the effect of intraplastidial substrate concentrations in the enzymatic activity, as well as other possible regulatory mechanisms. Moreover, differences in the degree of unsaturation of 16 carbon atoms molecules were detected between the two positions of the PG molecule. A similar finding was reported previously in tomato (Sui et al., 2007) , where 16:0 desaturation occurs asymmetrically between positions sn-1 and -2, enriching the sn-1 position in saturated fatty acids and the sn-2 in delta 3-trans-hexadecenoyl (16:1(3t)).
Galactolipids are major components of chloroplast membranes and play an active role during cold acclimation (Moellering et al., 2010) . In sunflower, both MGDG and DGDG are synthesized using phosphatidic acid precursors imported from the ER (Roston et al., 2012) and we found that MGDG molecules contained mainly 18:1 in position sn-1, while DGDG also contained 16:0 and 18:0 (Table 4B ). This asymmetry suggests a possible selection against the galactosylation of 18:1/18:1 MGDG by DGDG synthase in favor of molecular species with other fatty acids. In both galactolipids, the proportion of 18:1 derivatives in sn-2 was over 90%, mainly in the 18:3 form. Being the galactolipids the most abundant membrane lipids in plastids, we suggest that the different fatty acid distribution in both MGDG and DGDG moieties facilitates membrane remodelling, as MGDG molecules are consumed during freezing tolerance to form oligogalactolipids and diacylglycerol (Moellering et al., 2010) .
Conclusions
G3P acyltransferases play an essential role in membrane synthesis by catalyzing the first step in glycerolipid assembly. Enzymatic specificity determines membrane fluidity and in chloroplasts, the degree of unsaturation of PG molecules determines their ability to protect the photosynthetic apparatus from damage caused by high or low temperatures. Sunflower chloroplast GPAT displays a specificity profile that confers resistance to cold temperatures due to its specificity for unsaturated substrates as oleate. This characteristic is reflected in the profile of fatty acids in position sn-1 in leaf PG, the majority of which are oleoyl-derived. Concerning the nature of this enzyme, the sequence of this selective GPAT form is now available for future studies seeking to transform sensitive plants to overcome temperature sensitivity.
Experimental

Biological material and growth conditions
Plants from the standard sunflower line CAS-6 were cultivated in growth chambers at 25/15ºC (day/night) with a 16 h photoperiod (300 µE m -2 s mL of hexane and 7.5 mL of 6.7% Na 2 SO 4 . The organic phase was transferred to a fresh tube and the aqueous phase was re-extracted with 10 mL hexane-isopropanol (7:2). After combining the organic phases, the solvent was evaporated under vacuum in a rotary evaporator (VWR by IKA ® , Germany). The lipid residue was dissolved in 3 mL of chloroform and different aliquots of this extract were used for to assay the polar lipids by HPLC and fatty acid analysis. 
Isolation and lipolysis of polar lipids from chloroplasts
Preparation and analysis of fatty acid methyl esters
The fatty acids in transformed E. coli cells expressing the recombinant HaPLSB protein were analyzed. Cells taken from 50 mL of induced and non-induced cultures were harvested at OD 600 ~ 2, washed with distilled water and 3 mL of the methylation mixture (~1.25 M hydrogen chloride in methanol; Fluka, Germany), and 0.15 mg of the internal standard heptadecanoic acid (17:0) was added to the pellet. The samples were methylated for 1 h at 80ºC and heptane (1 mL) was added after cooling to extract the methyl esters. The upper phase was transferred to a fresh tube and washed with 2 mL Na 2 SO 4 (6.7%) and the solvent was then evaporated under nitrogen gas. The methyl esters were finally re-suspended in 200 µL heptane.
Fatty acid methyl esters from lipolysis were obtained by heating the lipid residues dissolved in 2 mL methanol-toluene-sulfuric acid (170:30:5) at 80ºC for 1 h. After cooling, 2 mL Na 2 SO 4 (6.7%) and 3 mL hexane were added, the solution was mixed vigorously and the upper layer was transferred to a fresh tube and the solvent was evaporated under nitrogen gas. The residues containing methyl esters were dissolved in 300 µL heptane.
Methyl esters were analyzed by gas-liquid chromatography (GLC) using a Hewlett-Packard 6890 gas chromatograph (California) with a Supelco SP-2380 fused-silica capillary column (length, 30 m; i.d., 0.25 mm; film thickness, 0.20 µm: Supelco, Pennsylvania). Hydrogen was used as the carrier gas at 28 cm/s, while the temperature of the flame ionization injector and detector was set at 200ºC, the oven temperature at 170ºC, and the split ratio was 1:50.
Bioinformatics
GPAT protein sequences from public databases were aligned to identify regions of homology using the ClustalX v2.1 program (Larkin et al., 2007) . The sequences were aligned using BioEdit (Hall, 1999 ) and a phylogenetic tree was constructed using MEGA 5.0 software (Tamura et al., 2011) . The amino terminal transit peptide was predicted using TargetP 1.1 (Emanuelsson et al., 2000) . The tertiary structure of sunflower GPAT was modelled using the SWISS-MODEL server (Guex and Peitsch, 1997) based on the structure of Cucurbita moschata (squash) GPAT (accession no. BAB17755) from residues 82 to 445. Molecular docking experiment was performed using Vina with AutoDock Tools and PyMOL (Trott and Olson, 2010) . 
